Insulin transport across vascular endothelial cells is the rate limiting step in its time action profile. Glucose uptake in response to insulin is estimated through different techniques and is influenced by insulin sensitivity of the tissue. Glucose clamp technique and minimal model imply an incremental increase in the levels of insulin in the ISF compartment evidenced by increase in glucose uptake. This can not merely be explanied by tissue capillary recruitment or increase in blood flow of already perfused areas. Although insulin is proven to affect the blood flow and capillary recruitment of already perfused areas, restoration of muscle blood flow in insulin resistant patients does not revert the insulin activity profile. By review of frequently cited articles, it can be interpreted that insulin causes a much greater increase in tissue recruitment by increasing the perfused capillary volume of previously unperfused areas, an increase in the permeability of the capillaries and recruitment of insulin transport receptors. This also results in an Increase in volume of distribution of glucose. Insulin, like other proteins, may be transported across by simple diffusion, paracellular pathway and transcellular pathway with the help of transport receptors. In conclusion, insulin is most likely transported across capillary endothelial cells by more than one mechanism and there may be recruitment of these pathways according to insulin levels. Thus further investigations of these possible pathways may help pave the way for more efficient insulin delivery methods in the future.
the concentration gradient across the cell membrane. This causes membrane depolarization [3] . This depolarization activates Ca channels and cause an increase in intracellular Ca 2+ levels and exocytosis of Insulin [4] . After secretion, insulin is extracted from the portal blood by hepatocytes and acts on hepatocytes for glucose utilization [5] . Insulin binds to GLUT4 receptors in skeletal muscles and adipocytes. Skeletal muscle is the main site of action of insulin for glucose disposal [6] Glucose internalization in these tissues is largely dependent on GLUT4 receptors [7] . Any defect in GLUT4 may result in impaired glucose metabolism in target tissues [8] .
Transendothelial transport as the rate limiting step
TET transport of insulin is the rate limiting step in time pharmacokinetic profile of insulin [9] .This was observed in experiments utilizing glucose clamp technique. There was a time delay between achieving steady state insulin concentration in the plasma and thoracic duct lymph collections while the gradient between plasma and interstitial fluid insulin concentrations remained constant. [10] Thoracic duct lymph collections were considered representative of interstitial fluid. These measurements and delay was incorporated in Bergman's Minimal Model [10] The rate of glucose utilization, in these experiments, corresponds very closely to the lymph insulin concentrations. [11] The observed time delay in the insulin action profile was due to the time taken for the insulin level in the interstitium to rise. These observations suggested a rate limiting barrier between Plasma and interstitial fluid [12] . But there was an argument that insulin might take time to reach the thoracic duct lymph because of the slower lymph flow. Therefore, another technique was used in which micro dialysis catheters were used to measure interstitial fluid insulin concentrations directly during hyperinsulinemic glucose clamp. It also demonstrated the same time delay of app.20 min. [13] Dysfunction of this endothelial barrier is now considered to be a major contributing factor for type 2 diabetes, obesity and metabolic syndrome. [47] Capillary Recruitment and insulin uptake by endothelial cells as rate limiting step
Another rate limiting step in glucose delivery was proposed because of the observations that the decreased gradient between plasma and interstitial fluid insulin concentration at pharmacological doses was contributed by the increase in
Introduction Insulin Pharmacodynamics
Insulin is released in response to glucose stimulation of pancreatic beta cells. Glucose is transported inside the pancreatic beta cells by GLUT 2 receptors [1] . After internalization it is metabolized in glycolytic pathway to produce ATP's [2] . Increased ATP/ADP ratio deactivates Potassium channels, thus increasing capillary surface area due to capillary dilation and recruitment [15] .
Increased permeability of capillary wall in response to hyperinsulinemia [16] , might explain the increase in tissue volume during hyperinsulinemic clamp. But the effect is too small to quantitatively act as a single contributor. Secondly, there is contradictory evidence to transcapillary escape rate of protiens. One study demonstrated that this effect of insulin is seen only in NIDDM patients while another study shows 14 % decrease in serum albumin levels after hyperinsulinemic clamp even in non diabetic patients, although the serum insulin levels achieved in these two groups were similar. [17] This microvascular recruitment is associated with insulin secretion even before an increase in the muscle blood flow [18] . This recruitment is found to be blunted in obese [19] . There is delayed transcapillary transport of insulin into muscles [20] and there is increased degradation of insulin suggested as contributing causes of insulin resistance. If the flow of blood into the muscle is restored, the A-V glucose difference should increase, however this was not demonstrated by a study that showed that restoring blood flow in these subjects produced only a small effect on the glucose uptake in muscle [21] 
Microvascular pacemakers
The microvascular pacemaker at the arterioles oscillates at around 18 cycles/min [22] Insulin is also proposed to increase the open time of arterioles and causing tissue recruitment of previously unperfused capillary beds. When the perfusion to a muscle capillary bed increases it also increases the aerobic metabolism as compared to anaerobic metabolism in normal states. [23] 
Volume of distribution
The Volume of distribution for the glucose increases to 40% by hyperinsulinemia during forearm balance technique. This increase may be explained by the expansion of interstitial volume by either 1) increase in blood flow to the tissues or 2) Capillary Recruitment. The greater cellular surface area available to insulin for action due to tissue recruitmentmay can be the cause of increased glucose uptake in that compartment [23] . During forearm balance technique, the increase in capillary recruitment is observed within 20 min after giving insulin. This effect is seen earlier than any increase in glucose uptake or blood flow. This effect continues to increase 80-120 min after beginning the infusion. While the brachial artery blood flow did not increase till 100 min after the start of insulin infusion. Despite the increase in capillary perfusion, the extraction fraction of insulin and its clearance decreased at 80-120 min while the insulin levels were within physiological range [24] . This either points to a saturable process for the transport of insulin across the endothelial barrier or a saturable cellular uptake process of insulin to act on muscle cells and induce glucose uptake.
In a later study on humans, the rate of clearance of insulin [extraction fraction] from muscle capillaries decreased during hysperinsulinemia, even in the presence of increased microvascular volume and muscle blood flow suggesting that a saturable process involves the transport of insulin across muscle capillaries [15] 
Confounding factor in the study of acylated insulin delivery in experiments
Initial studies using dog hind limb lymph collection for NN304 acylated insulin demonstrated that there was an incremental increase in the level of acylated insulin level in the deep hindlimb lymph collection even after the saturable doses of normal insulin were given. It was believed that transport of insulin across capillary endothelial cells was not a saturable process [25] .
The factor that might have influenced the time action profile of the insulin is the type of insulin used in experiments. There are different times to peak and duration of action for different insulins [26] . For example, the half-life of insulin increases by seven fold and the time of onset by twofold if the amino group at B29 is acylated [27] . It may be responsible in decreased clearance of insulin from ISF. Insulin circulates in the blood in monomeric form and gets absorbed across capillaries [28] . Its molecule was first seen by Single Crystal X-ray analysis done by Crawfoot et al. [29] . It has an A chain wrapped around the B chain. Any alteration in the residues on the A chain or B23-30 dramatically alters the interaction of insulin with its receptors [30] .
Proposed Methods of TET insulin transport
There is also evidence that insulin alters the endothelial cells morphology and permeability characteristics. Endothelium is a semipermeable membrane. There are signaling pathways that alter the interendothelial junctions making the interendothelial pathway leakier. There are different routes defined for transendothelial transport 1) Paracellular 2) Transcellular. There is evidence that insulin acts on endothelial cell insulin receptors via PI3K, MEK, Insulin receptor tyrosine kinase and the cSrc tyrosine kinase receptors and facilitates its uptake. This uptake is inhibited by the inflammatory cytokines [31] .
Paracellular route
In paracellular route, molecules travel between the cells when the actin filaments in cell cytoskeleton get activated due to activation of MLCK pathway. This puts a stretch on the cell membrane resulting in leaky cell junctions. [32] . Insulin has been demonstrated to affect the tight junction mediated paracellular transport in cultured intestinal epithelial cells [33] .
Caveolins
Caveolins are intracellular organelles in endothelial cells that are phosphorylated to transport insulin through the cell to the interstitium [34, 35] Insulin signaling may be the first step in its transendothelial transport mediated by PI-3 Kinase, csrc Kinase, general tyrosine kinase and the mitogen activated protein kinase. This is a conclusive evidence of the role of endothelial receptors in TET transport of insulin [31] .
Insulin is internalized with caveolin 1 in vascular endothelial cells [36] . This process is facilitated by actin filaments through PI3K/Akt pathway [37] . A defect in cortical F actin filaments/ PIP2 may be an underlying cause of insulin resistance resulting
Insulin receptor 2 pathway
Demonstration of another pathway IRS 2 linked to IR/IGF1 receptors that stimulates the PI3K pathway for internalization of insulin [44] ; involvement of IGF 1 receptors for transport of insulin across endothelium at higher concentrations [45] ;and, in vitro studies by King et al. That demonstrated that the transport of radiolabeled insulin across bovine aortic endothelial cells from extra vascular to intravascular space was not inhibited by the presence of normal insulin, [46] suggesting alternative pathways for insulin transport in pharmacological ranges.
Conclusion
Thus studies to utilize direct visualization of the proposed receptors by electron microscopy on the abluminal side of endothelial lining will help in conclusively identifying these receptors. Such a discovery can greatly facilitate our understanding of the available subcutaneous insulin delivery methods. It will also help us in the development of effective insulin formulations and delivery models that have more stable and predictable time action profiles. Discovery of such receptors will aid in the future of artificial pancreas. Currently, artificial pancreas consists of a glucose sensing module that is connected to a subcutaneous insulin delivery system. The delivery, efficacy and potency of insulin largely depends on the surrounding milieu of the insulin delivery site. Up regulation or down regulation of subcutaneous insulin transport receptors may be contributing in the variability of insulin response in diabetics. Hence development of excipients, that may up regulate the insulin transport receptors, injected with the subcutaneously delivered insulin, may help in developing more effective artificial pancreas models. Discussions with Dr Jeffrey Joseph, Vice Chairman and Director of Thomas Jefferson University Artificial Pancreas Centre, Department of Anesthesiology, Philadelphia.
